A series of composite electrocatalysts composed of RuO 2 nanosheets and carbon supported Pt (RuO 2 ns-Pt/C) has been synthesized by mixing different amounts of commercial 50 wt% Pt/C with RuO 2 ns derived from exfoliation of layered K 0.2 RuO 2.1 · nH 2 O. The oxygen reduction activity and stability of the different electrocatalysts has been evaluated as a function of the nanosheet content in the composite electrocatalysts. An increase in initial activity was observed for composite electrocatalyst with RuO 2 /Pt<0.4. After conducting accelerated durability tests, the RuO 2 ns-Pt/C composite electrocatalyst with RuO 2 /Pt = 0.3 exhibited a 25% higher mass activity toward oxygen reduction than the pristine Pt/C electrocatalyst. Carbon supported platinum and platinum-based alloy electrocatalysts are commonly used for the cathode catalyst in polymer electrolyte membrane fuel cells.
Carbon supported platinum and platinum-based alloy electrocatalysts are commonly used for the cathode catalyst in polymer electrolyte membrane fuel cells. 1 Improved initial electrocatalytic activity and suppression of loss in electrocatalytic activity during fuel cell operation are major obstacles that must be overcome for wide-spread commercialization. It has been suggested that alloys such as Pt with Co, Ru, Fe, Cr or Ni lead to higher oxygen reduction reaction activity due to favorable Pt-Pt distance, electronic structure or Pt crystal orientation. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Unfortunately, the promoter metal can often easily dissolve from the alloy leading to loss in catalytic activity 13 and in some cases damage the polymer electrolyte membrane. 14 One way to overcome these drawbacks is to use electrochemically stable oxides as additives. Some metal oxides have been suggested to help oxygen dissociation, promote interaction with Pt, and improve the ionic mobility. 15, 16 Metal oxide supported Pt electrocatalyst based on TiO 2 , SnO 2 , RuO 2 or TiO 2 -RuO 2 have also been developed. [17] [18] [19] [20] While most of these composite electrocatalysts show improved durability compared to Pt/C, very few of these electrocatalyst show higher or even comparable initial activity. RuO 2 is one of the few oxides that is an exception, possessing good electronic conductivity and high electrochemical stability within the hydrogen and oxygen evolution region. 21, 22 The addition of RuO 2 has been shown to increase the activity toward oxygen reduction by improving the wettability of the catalyst layer due to self-humidification. [23] [24] [25] The addition of RuO 2 has also been reported to catalyze the oxidation of water, therefore providing protection from other redox active species at high cathode potential. 26 An enhancement in the electronic structure through interaction between Pt and RuO 2 has also been suggested. 27 We have reported the use of RuO 2 nanosheets (RuO 2 ns) with thickness of ∼1 nm as an efficient co-catalyst. 22, 28 RuO 2 ns has been shown to enhance activity and durability of Pt/C as an anode 29, 30 as well as cathode catalyst. 31 In an earlier study, it was shown that the durability of commercial Pt/C (20 mass% of Pt) with ultrasmall Pt (1-1.5 nm) could be improved without sacrificing initial activity. 32 Smaller nanoparticles generally have higher rate of dissolution 33 and thus are not commonly considered for practical fuel cells.
In this study, a commercial Pt/C electrocatalyst (50 mass% Pt, particle size ∼3 nm), a common cathode catalyst with high mass activity for the oxygen reduction reaction (ORR), was used to prepare a series of RuO 2 ns-Pt/C composite electrocatalyst with different RuO 2 ns content, and the effect of the RuO 2 ns content toward initial activity and catalyst durability has been studied.
Experimental
Electrocatalyst preparation and characterization.-The RuO 2 ns aqueous colloid was obtained by a process described previously. Pt/C powder (TEC10E50E, Tanaka Kikinzoku Kogyo, 50 mass% Pt, particle size ∼3 nm) was dispersed in ultrapure water by stirring and ultrasonification. Aqueous RuO 2 ns colloid (1 mg-RuO 2 mL −1 ) was slowly dropped into the Pt/C dispersion (5 mg-Pt/C mL −1 ) under continuous stirring. The amount of colloid was tuned so as to obtain catalyst composition with molar ratio of RuO 2 :Pt = n:1, where n = 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5. After further magnetic stirring and ultrasonification to ensure homogeneous reaction, the powder was collected, washed until neutral pH with ultrapure water and then dried overnight at 120
• C to a powder state. Homogeneous reaction between RuO 2 ns and Pt/C is evident by sedimentation after allowing the mixed suspension to stand for a few hours, coupled with a change in the color of the solution from black to transparent. Both RuO 2 ns and Pt/C are individually stable for this period of time. The composite electrocatalysts will be abbreviated as RuO 2 ns(n)-Pt/C, where n is the RuO 2 /Pt ratio.
The structure of the electrocatalyst was characterized by X-ray diffraction (XRD, Rigaku RINT 2550 with monochromated CuKα radiation). The morphology of the electrocatalyst was observed by scanning electron microscopy (SEM, Hitachi S5000) and transmission electron microscopy (TEM, JEOL JEM2010).
Catalyst ink and electrode preparation.-The catalyst ink was prepared by dispersing 18.5 mg of composite catalyst in 25 mL of ethanol/water solution (75/25 volumetric ratio). A solution of a 5 wt% Nafion (100 μL) was added to the ink as a proton conducting binder to ensure good adhesion onto the electrode. The catalyst ink was dispersed by ultrasonification for 30 min. The dispersion was dropped onto a 6 mm diameter glassy carbon electrode using a micropipette. the glassy carbon surface was previously buff polished using a suspension of 0.3 then 0.05 μm alumina. The amount of Pt on the electrode was fixed at a loading of 17.3 (μg-Pt) cm −2 , regardless of the RuO 2 ns content. between 0.05-1.2 V vs. RHE at 50 mV s −1 for 30 cycles at 25
• C under N 2 bubbling. Linear sweep voltammetry in N 2 -purged, de-aerated 0.5 M H 2 SO 4 electrolyte was first recorded at 10 mV s −1 from 0.05 to 1.2 V vs. RHE (anodic scan) at rotating rates of ω = 2200, 1600, 1200, 800, and 400 rpm at 60
• C. Three cycles were performed between 0.05-0.9 V vs. RHE at 50 mV s −1 to measure the electrochemically active surface area (ECSA) of Pt at 60
• C. ECSA was estimated by integration of the hydrogen desorption charge by integration of the cyclic voltammogram from 0.05 V vs. RHE to 0.4 V vs. RHE and the Coulombic charge necessary for oxidation as 210 μC cm −2 . ECSA of RuO 2 ns(n)-Pt/C was estimated after subtraction of the overlapping redox peaks due to RuO 2 ns in the hydrogen desorption region. ORR was characterized by linear sweep voltammetry in O 2 saturated 0.5 M H 2 SO 4 from 0.05 to 1.2 V vs. RHE (anodic scan) at 10 mV s −1 at the respective rotating rates. The LSV data collected in de-aerated electrolyte was used as background and subtracted from the data recorded in O 2 -saturated 0.5 M H 2 SO 4 . Kinetically controlled current, i k , was obtained with Koutecky-Levich plots (i.e., plots of the inverse of observed current, i −1 vs. ω −1/2 ) by extrapolating the regression lines on the plots to the y intercept. Kinetically controlled current density (j k , mass activity) was calculated by dividing i k with the mass of Pt.
Accelerated durability tests (ADT) were conducted by performing 50 cycles between 0.6-1.2 V vs. RHE at 100 mV s −1 in O 2 saturated 0.5 M H 2 SO 4 (60
• C) at 1600 rpm. LSV in N 2 and O 2 were measured again to obtain the ORR activity of the degraded electrocatalysts. Figure 1 shows the XRD patterns of the electrocatalysts. The XRD peaks attributed to metallic Pt in RuO 2 ns(n)-Pt/C are identical in peak position and width with Pt/C, suggesting that Pt is not affected by the mixing treatment with RuO 2 ns. The Pt particle size calculated based on the Scherrer equation was 3.5 nm for all electrocatalysts. The diffraction peaks that may be attributed to tetrabutylammoniumRuO 2.1 or the layered H 0.2 RuO 2.1 29 are not evident for composites with low RuO 2 ns content. For composite catalyst with higher RuO 2 ns content, weak diffraction peaks at 2θ = 9.2
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• (d = 0.98 nm) and 2θ = 18.2
• (d = 0.48 nm) corresponding to the (002) and (003) diffraction peaks of the tetrabutylammonium-RuO 2.1 intercalation compound 29 were observed, suggesting partial agglomeration (re-stacking) of RuO 2 ns. During the preparation of RuO 2 ns-Pt/C composite with RuO 2 /Pt = 0.05, 0.1 and 0.2, the solution becomes clear after sedimentation, which means that all of the RuO 2 ns have reacted with Pt/C. On the other hand, for higher amount of RuO 2 ns, the solution is slightly brown, indicating that excess RuO 2 ns cannot form a composite with Pt/C, and re-stacks.
Typical SEM and TEM images of RuO 2 ns(0.3)-Pt/C are given in Figure 2 . RuO 2 ns with lateral size of a few hundred nanometers is homogeneously mixed with Pt/C, complementing the XRD results. Figure 3 shows the particle size distribution of Pt in Pt/C and RuO 2 ns(0.3)-Pt/C electrocatalysts. The mean diameter (3.2 nm) and the distribution are identical for both electrocatalysts and is concordant with the XRD results. XRD, SEM and TEM data show that the structure, particle size and distribution are not affected by the preparation method. Thus, it can be said that RuO 2 ns are microscopically intimately mixed with Pt/C, although slight aggregation of RuO 2 ns occurs at higher loadings. Figure 4 show typical cyclic voltammograms in de-aerated 0.5 M H 2 SO 4 at 60
• C. Redox peaks characteristic of RuO 2 ns (shown with asterisks) are observed, which progressively increases as a function of RuO 2 ns content (inset). The redox peaks between 0.45 and 0.70 V vs. RHE are due to adsorption-desorption of ionic species on the surface of RuO 2 ns. 30, [34] [35] [36] The peak at 0.11 V vs. RHE is characteristic of a monolayer of RuO 2 nanosheet in H 2 SO 4 and may be due to adsorption-desorption of anionic species (HSO 4 − or SO 4 2− ) on the surface of RuO 2 ns. 29, 37 The ECSA for Pt/C was 55 m 2 (g-Pt) −1 . The ECSA for RuO 2 ns(n)-Pt/C are slightly higher than pristine Pt/C (Table I ). Table I summarizes the ECSA after ADT and the retention of ECSA. The trend in the retention rate of ECSA and j k are similar. The loss of ECSA is smaller and the retention is higher for electrocatalysts containing RuO 2 ns with RuO 2 ns(0.5)-Pt/C electrocatalyst exhibiting the highest ECSA and ECSA retention. Figure 9 shows the TEM images of Pt/C and RuO 2 ns(0.3)-Pt/C electrocatalysts after ADT and also the size distribution of Pt 40, 41 In situ studies shows that dissolved Pt species specifically adsorb on RuO 2 ns and not on HOPG. 40 Also, Pt deposited by vacuum deposition on RuO 2 ns and HOPG is more stable during cyclic voltammetry on nanosheet support rather than HOPG.
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Conclusions
Composite electrocatalysts of Pt/C and RuO 2 nanosheet (RuO 2 ns) derived from layered K 0.2 RuO 2.1 · nH 2 O exhibit higher activity and durability than pristine Pt/C toward oxygen reduction reaction. Composite electrocatalysts with lower RuO 2 ns content provide higher activity, while higher amount leads to better durability. The initial mass activity shows a maximum as a function of the RuO 2 ns content, with RuO 2 /Pt = 0.05 showing a 20% increase (54 A (g-Pt)
−1 ) compared to pristine Pt/C (45 A (g-Pt)
−1 ). A clear difference in long term durability was observed when potential cycling in O 2 . After accelerated durability test, the composite catalyst with RuO 2 /Pt = 0.3 exhibits ORR activity of 39 A (g-Pt)
−1 , which is 25% higher than pristine Pt/C electrocatalyst. The increase in particle size is suppressed for the RuO 2 ns-Pt/C composite catalysts suggesting a lower degradation of the composite catalysts compared to pristine Pt/C. The results obtained in this work suggest that RuO 2 nanosheet functions as a stabilizer for platinum based electrocatalyst.
